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Eastern Equine Encephalitis virus (EEEV) is an endemic arbovirus of increasing importance 
in the United States. It is perpetuated via an enzootic cycle between Culiseta melanura 
mosquitoes and avian reservoirs. In the northeast, transmission has distinct seasonality 
and its overwintering mechanism is unknown. Xenosurveillance has been identified as a 
possible way to elucidate viral circulation dynamics in states such as Connecticut that are 
experiencing a resurgence of human EEE cases, potentially exacerbated by factors 
associated with global climate change. This study sought to experimentally create an 
antibody digestive curve for both mammalian and avian bloodmeals in Cx. quinquefasciatus 
mosquitoes. Using this data and methodology, an antibody digestive curve could be 
generated for other mosquito species and utilized for reference in future experimental and 
field studies to evaluate the feasibility of xenosurveillance in the Connecticut EEE system. 
The experimental goals of this study were to examine the digestion of antibodies in both 
avian and mammalian bloodmeals using a direct enzyme-linked immunosorbent assay 
(ELISA). An ELISA was calibrated using human serum albumin antigen and a 
complementary antibody was used in mosquito bloodmeals. Mosquitoes were collected at 
6, 12, 24, and 48 hour timepoints in order to determine the limits of antibody detection in 
bloodmeals over an extended period. Additionally, bloodmeal analysis was intended to 
determine the limits of host identification over the same time points. Due to the COVID-19 
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Epidemiology and Burden of Disease 
 
Eastern Equine Encephalitis is an arbovirus endemic to the United States. The virus (EEEV; 
family Togaviridae, genus Alphavirus) is maintained via an enzootic cycle between the 
ornithophilic mosquito Culiseta melanura and avian reservoirs.1 It can also infect humans 
and non-human animals, including horses, causing lethal epidemics/epizootics.1,2,3 Though 
these outbreaks are infrequent, EEE is considered one of the most serious arbovirus 
encephalitides: 30% of human cases result in fatal encephalitis and survivors often suffer 
severe neurologic sequelae.4  
 
The main mosquito vector of EEEV is Culiseta melanura across geographic regions.1,5 Cs. 
melanura primarily breed in freshwater swamps and are highly preferential to feeding on 
passerine (tree-dwelling) birds.1,3,5 In the northeast, the virus is commonly associated with 
coastal areas or hardwood swamps in and around the Atlantic coast and certain parts of the 
Great Lakes region.1,5 While EEEV circulates year-round in southeastern states like 
Florida,6-7 in temperate regions, there is distinct seasonality to its circulation. Transmission 
typically occurs from late summer to early fall, ending with the onset of winter and 
mosquito inactivity.1-3,8-10 
 
The mechanisms by which EEEV is maintained year after year in the northeast are poorly 
understood.1,8,10 It could be the result of yearly, independent introductions of the virus 
from other endemic areas via migrating birds or mosquitoes, but there is also evidence to 
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suggest that the virus is able to overwinter at northern latitudes (though the exact 
mechanism of this overwintering is unclear). 1,8-10  While Cs. melanura survives winter in its 
larval stage, this would require transovarial transmission from parent to offspring, which 
has not been confirmed for EEEV in mosquitoes.8  
 
Phylogenetic analysis of EEEV strains suggest that overwintering mechanisms may vary 
locally. A 2008 study examining phylogenetic relationships of virus isolates in upstate New 
York discovered groups of closely related viruses that persisted for several years before 
disappearing; this result strongly supports an overwintering mechanism.10 A similar study 
conducted in Connecticut compared the phylogenetic relationships between EEEV isolates 
and discovered more genetically distinct viruses, suggesting increased importation and 
movement of strains into the state.8 Phylogenetic analysis of EEEV in Vermont, a relatively 
new location for the virus, showed two distinct introductions, similar to isolates found in 
Florida and Virginia.3,11 Local variation in EEEV diversity and outbreaks suggests that the 
virus circulation dynamics are particularly sensitive to local conditions.8 
 
EEE and Climate Change  
While infection is historically infrequent in humans, there is evidence to suggest that it is 
re-emerging as a threat.1-3,12 EEE cases have seen a resurgence in familiar northern 
latitudes, such as New York, Massachusetts, or Connecticut.9-15 Over the last decade, the 
virus has also expanded into areas where it was previously unknown, such as New 
Hampshire, Vermont, and Maine.3,8,11,13,15 EEE outbreaks occur when environmental and 
ecological conditions promote virus amplification, subsequently overflowing in human 
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and/or equine populations.1-3,12-13  The sporadic nature of these outbreaks as well as rapid, 
global climate and land-use change further obscure its transmission dynamics. 
 
Warmer temperatures may exacerbate the current presence of EEE in the northeast. 
Mosquito development, behavior, and vector capacity is highly sensitive to temperature 
changes: warmer temperatures increases the rate of mosquito development, increases the 
frequency with which they feed and the rate of virus replication within mosquitoes.2,16 
Warmer winters, hotter summers, and increases in overall precipitation create ideal 
conditions for most mosquito species to thrive, as well as to expand their ranges 
northward.2,12 The range expansion of more opportunistic feeding mosquitoes, such as 
Culex or Aedes species, may increase their ability to act as “bridge vectors” and facilitate 
EEE outbreaks: the virus has been increasingly isolated in wild Culex, Aedes, and Anopheles 
mosquitoes,9 and many species are capable of being infected experimentally, indicating 
their potential as future bridge vectors.12,17-18   
 
Xenosurveillance  
Given the resurgence of EEE cases in the northeast and the threats posed by a warming 
climate, understanding the current circulation dynamics of EEE is critical. Thus, it is 
imperative to develop more effective ways of monitoring the virus in the environment. 
Xenosurveillance is one such method. Xenosurveillance capitalizes on the preferential 
feeding habits of some mosquitoes in order to sample viruses in their preferred host.20 
Given the behavior of engorged mosquitoes to rest after feeding, resting boxes and other  
traps designed for engorged females to rest and lay their eggs are used to capture female 
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mosquitoes that have recently taken a bloodmeal. They are then transported back to a field 
station or laboratory where bloodmeals are extracted and analyzed for a number of 
purposes, including virus RNA and host species, to make assumptions about the host 
infection status. Xenosurveillance has been used previously and successfully with 
Anopheles sp. mosquitoes in Africa to surveil various human diseases in areas where it is 
not tractable to sample humans directly due to limited resources.19,20 
 
Cs. melanura feed almost exclusively on avian hosts; most studies find that >90% of their 
bloodmeals are avian derived.3,13-14,21 However, field-sampling birds for EEEV is labor and 
time intensive. Mist-netting is also an imperfect method of sampling, and can be biased in 
many ways depending on habitat, weather conditions, and species present; it is also biased 
towards older birds and species without net-avoidance behaviors.22-23 As a result, certain 
bird species may be over-represented, and others that may be important viral carriers 
might not adequately be captured. Xenosurveillance may be an efficient method of reducing 
avian sampling bias while also decreasing sampling effort and training required to take 
blood from avian hosts.  
 
Identifying Host, Detecting Antibodies in Mosquito Bloodmeals 
Documented xenosurveillance studies have focused on isolating viruses from mosquito 
bloodmeals.19-20 However, bloodmeals taken from vertebrates contain virus-specific 
antibodies and can ultimately provide a history of the host’s infection status.24 By sampling 
engorged mosquitoes, their midguts could be analyzed for presence of viral antibodies and 
the vertebrate source of the bloodmeal. Using mosquito bloodmeals to detect the presence 
9 
 
of host antibodies has been done successfully using an indirect Enzyme Linked 
Immunosorbent Assay (ELISA).24-25 Previously, a 2008 experimental study by Leighton et 
al. reliably detected a mouse IgG1 monoclonal anti-chicken egg albumin antibody in Aedes 
aegypti mosquitoes fed either a low (1 µg/ml) or high (10 µg/ml) concentration of antibody 
diluted in human blood and harvested 24-48 hours later.25 
 
A 2009 study by Barbazan et al. used ELISA to detect Dengue and Japanese encephalitis 
virus-reactive antibodies in both reared and wild mosquitoes in Thailand. Reared Aedes 
aegypti fed on volunteers previously infected with Dengue; ELISA showed a significant 
decrease in detection ability of IgM and IgG specific antibodies after 13 hours and reached 
an undetectable limit after 30 hours.24 Wild Culex sp. tested positive for both human 
Dengue antibodies and JE encephalitis antibodies from pigs.24 Following this logic, if an 
avian host had been infected with EEEV in the past, it would contain EEEV specific 
antibodies which, if detectable, would improve our understanding of local viral 
transmission dynamics.  
 
This study sought to create an antibody digestive curve for both mammalian and avian 
bloodmeals for Cs. melanura mosquitoes in order to investigate how antibodies may 
degrade over time in order to evaluate the feasibility of using xenosurveillance for this 
system. Given experimental difficulties with Cs. melanura, Cx. quinquefasciatus were used 
due to their experimental ease of use and availability. While not strictly an ornithophilic 
feeder, these species also breed in aquatic environments with high organic matter content 




The experimental goals of this study were to examine the degradation of antibodies in both 
avian and mammalian bloodmeals and determine the limits of detection for these 
antibodies. Additionally, bloodmeal analysis of host DNA extracted from the blood would 
be used to determine the limits of host identification over the same time points. Using this 
data, an antibody digestive curve could be generated and utilized for reference in future 





MATERIALS AND METHODS 
 
Rearing Mosquitoes 
Culex quinquefasciatus mosquito eggs were provided by the Connecticut Agricultural 
Experiment Station. Eggs were left to hatch in plastic containers filled with a 1% solution of 
liver yeast extract in deionized-H2O. Containers were kept in an incubator held at 28 ˚ C 
and fed additional liver yeast extract solution once per day as larvae developed over the 
course of one week. Once larvae reached the pupal stage, pupae were transferred to an 
emergence container which was placed inside a mosquito cage. Newly emerged mosquitoes 




Mosquitoes 3-5 days old were aspirated into four carboard containers with mesh tops and 
cold anesthetized in a standard freezer. Male mosquitoes were removed and killed. 
Between 35 and 40 female mosquitoes were used in each container. Female mosquitoes 
were deprived of sugar water for  24 hours to help stimulate feeding; each container was 
provided a cotton ball soaked with deionized-H2O for hydration. After 24 hours, the adult 
female mosquitoes were fed on an artificial membrane feeder which maintained blood at 
37˚C. Hog’s gut was stretched over the bottom of the glass membrane feeder , which was 
placed on top of the mesh covering of the container. 2 ml. of blood was added to the feeder.  
 
Mosquitoes were fed sheep’s blood to which varying concentrations of a polyclonal human 
serum albumin antibody (Thermo Fisher Scientific PA172058) had been added. The 
12 
 
antibody was diluted from an initial concentration of 1 mg/ml using phosphate buffered 
saline (PBS) and kept frozen in working aliquots of 100 µg/ml concentration. When 
feeding, the antibody was further diluted into three different concentrations: 1 µg/ml, 5 
µg/ml, and 10 µg/ml using sheep’s blood. The four containers were fed in succession, 
beginning with the negative control group, which fed on 2000 ul of sheep’s blood with no 
added antibody. This group was followed by 2000 ul of 1 µg/ml, and so on. Each container 
was allowed to feed for 45 minutes, or until all mosquitoes were engorged.  
 
After feeding, mosquitoes were returned to the incubator kept at 27˚C. At 6 hours, 12 
hours, 24 hours, and 48 hours after feeding, mosquitoes were cold-anesthetized in a 
standard freezer and five engorged mosquitoes were selected from each container. For 
each feed, 85 mosquitoes were collected: 5 mosquitoes per time point per concentration of 
antibody, as well as 5 unfed mosquitoes for use as controls in the ELISA. All harvested 
mosquitoes were placed in a 1.5-ml tube containing a copper bead and kept frozen at -80˚C 
until used. Before use, 200 ul of PBS with 3% Tween 20 (PBS-T) was added to each tube. 
These tubes were added to a tissue grinder for 2 minutes, then centrifuged at 14,800 x g for 
4 minutes at 4˚C. The solution generated was used directly in both the ELISA and DNA 
extraction. The whole mosquito was used, allowing for detection of antibody in both the 




To calibrate the ELISA, checkerboard titrations were used to determine the optimal 
detection concentrations of the antigen and antibody. Based on the results of these 
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titrations (Fig. 1), black, clear-bottom ninety-six well plates were coated with 200 ul of 
antigen, albumin from human serum (Sigma-Aldrich A9511), at a concentration of 10 
µg/ml. The plates were then incubated for two hours at 37˚C. The plates were flooded and 
washed three times with PBS-T, then blocked with 200 ul of PBS containing 3% nonfat milk 
and frozen at -20 ˚ C until use. Using the solution generated from lysing the whole 
mosquito, 200 ul of each sample was added to the plate. Two different incubation times 
were attempted: 2 hours at room temperature and 1 hour at 37 ˚ C, with no noticeable 
difference in results. The plate was emptied and washed three times with PBS-T. 100 ul of 
TMB ELISA Substrate - Fast Kinetic Rate (Abcam ab171524) was then added to each well. 
During early attempts, color was allowed to develop for 15 minutes. After further 
discussion with Abcam representatives, it was suggested that color be left to develop 
longer. Thus, for subsequent ELISAs, color was allowed to develop for 30 minutes. After the 
allotted time, an equal amount of 650 nm Stop Solution for TMB Substrate (Abcam 
ab171531) was added to each well. The plates were read using a Thermo Scientific 




To perform the DNA extraction from the mosquito bloodmeal, the sample used directly in 
the ELISA was pulled off the plate and transferred to a fresh 1.5 ml tube. DNA was extracted 
using standard protocol from the Qiagen DNeasy Blood & Tissue kit and stored at -20˚C. 
Amplifying the DNA product of the host cytochrome b gene using polymerase chain reaction 
(PCR) would have been done for mammalian and avian blood using the primers identified 





Due to COVID-19 and the closure of state lab facilities, reliable results were not generated. 
Though the ELISA plates showed distinct color gradients between time steps and 
concentrations, these were not reflected in the values read by the plate reader. The failed 
results are included below, (Fig. 2, Run 1).  In discussion with TMB solution manufacturer, 
the main suggestion was to allow a longer time period for color to develop. The results 
obtained after allowing color to develop for 30 minutes instead of 15 minutes (Fig. 3, Run 
2) do not reflect any meaningful differences. A direct comparison of Runs 1 and 2 at the 10 







For both sets of data, all sample readings are highly clustered regardless of antibody 
concentration or the time the mosquito was harvested. Increasing the time allotted for 
color development further intensified the visual color gradient. The fact that this was not 
reflected in the readings indicates a potential user-error with the plate reader. The plates 
were read at a frequency of 620 nm, though the TMB ELISA Substrate and stop solution 
indicated that a frequency of 620 nm to 650 nm was suitable. Potentially, reading the plate 
at the lower end of this spectrum did not fully capture results, and a higher frequency 
would have resulted in a more accurate and distinct readings.    
 
Though the experimental objectives were not met, previous studies suggest that this 
method of detecting antibodies in mosquito bloodmeals is robust, and that there are clear 
patterns of antibody degradation in the mosquito gut over time.24,25 Further modification of 
the ELISA protocol should provide clearer results that would allow the project to move 
forward. Once concrete experimental results are obtained, future directions may include 
conducting a similar experiment with vaccinated avian hosts. Vaccinating birds with a 
desired pathogen and allowing mosquitoes to feed at various stages in the immune 
response would provide additional reference points. It would also provide an opportunity 
for an ELISA to be tested for cross-reactivity with other alphavirus antibodies.  
 
While bloodmeal analysis can detect the host species, there is no way to detect the specific, 
individual host the mosquito fed on. This could lead to inflated estimates of EEE prevalence 
if there is not a method in place of accounting for mosquitoes that feed on the same host, or 
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mosquitoes that feed on multiple infected hosts of the same species. Developing methods to 
account for uncertainty of mosquitoes feeding on multiple infected hosts, or multiple 
mosquitoes feeding on the same infected host would improve the accuracy of an estimate 




TABLES AND FIGURES 
Figure 1. displays the results of the checkboard titrations, where wells were coated with 
antigen at concentrations from 1 mg/ml to 0 µg/ml. The ELISA was run with a solution of 
PBS and concentrations of antibody from 100 µg/ml to 0 µg/ml and read at 620 nm. The 
resulting graph shows 10 µg/ml with the highest optical density for antibody 
concentrations 10µg/ml and above, while 1 µg/ml appears slightly preferential for 
antibody concentrations 5 µg/ml and below. Because of the similarity, and the 




Table 1. Sequences of primers, the length of their amplification products, and the cycling 
conditions used for PCR bloodmeal analysis.26  
    Cycling Condition 
Primer Name Sequence 
Product 




GAC TGT GAC AAA ATC CCN TTC CA (f) 
508 94˚C (30 s) 60˚C (50 s) 72˚C (40 s) 36 GGT CTT CAT CTY HGG YTT ACA AGA C (r) 
Mammalian a 
CGA AGC TTG ATA TGA AAA ACC ATC GTT G (f) 





























ELISA Calibration at 620 nm
1 mg/ml 100 ug/ml 10 ug/ml 1 ug/ml 0.1 ug/ml 0 ug/ml (pbs)
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Figure 2. All values plotted for mosquitoes fed on March 2, 2020. Color allowed to 
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Figure 3. All values plotted for mosquitoes fed on March 8, 2020. Color allowed to 
develop for 30 minutes. Two data points, 10 µg/ml at 6 hours and 0 µg/ml at 6 hours, were 
removed due to well contamination.  
 
Figure 4. Direct comparison of both ELISA attempts for 6, 12, and 24 hours at a 
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